The temporal activity of sympatric carnivores reflects trade-offs between avoidance of competitors and predators, and optimizing foraging success. Closely related species may experience greater interspecific competition for resources due to similar morphologies and ecological requirements. Although the mechanisms by which lions (Panthera leo) and leopards (Panthera pardus) partition diet and habitat have been investigated, the degree to which they avoid each other temporally with possible compromises for foraging success remains less clear. In a wildlife conservancy in Zimbabwe, we used camera-trap data to investigate the factors influencing the diel activity of lions and leopards. We modeled diel activity using circular statistics and calculated coefficients of overlap using kernel density functions and non-negative trigonometric sums models. Both leopards and lions were predominately nocturnal, with highly overlapping diel activity. The diel activity of leopards also coincided with that of some prey species, especially common duikers (Sylvicapra grimmia). Therefore, we suggest that leopards may prioritize hunting success and prey acquisition over diel avoidance of dominant competitors like lions.
Sympatric species can minimize intraguild competition and predation by altering their diel activity to reduce encounter rates (Karanth and Sunquist 2000; Kamler et al. 2013) . Species with similar requirements can utilize the same resource at different times either on a diel (24-h) or seasonal scale (Carothers and Jaksic 1984; Albrecht and Gotelli 2001) . Lions (Panthera leo) and leopards (Panthera pardus) are the largest felids in Africa, and co-occur over vast areas (Palomares and Caro 1999; Caro and Stoner 2003; Kingdon et al. 2013) where they compete for resources (Caro and Stoner 2003; Hayward and Kerley 2008; du Preez et al. 2017 ). Hence, they provide an opportunity to investigate behavioral responses to interspecific competition. Typically, lions competitively dominate leopards, with lions kleptoparasiting over 10% of leopard kills in Serengeti National Park (Bertram 1979) , thereby imposing substantial physical risks and energy costs on leopards (Caro 2005; du Preez et al. 2015 du Preez et al. , 2017 .
Although the mechanisms by which lions and leopards minimize competition by partitioning diet (Hayward and Kerley 2008; du Preez et al. 2017 ) and habitat (du Preez et al. 2015) have received substantial attention, if and how these species minimize conflict through different diel activity patterns remains less clear. Hayward and Slotow (2009) assessed 2 hypotheses driving diel activity in large African carnivores: 1) increased foraging success, and 2) minimization of competition (sympatric species minimize activity when risk of encountering a dominant predator is high). They concluded that the principal driver of diel activity patterns is avoidance of exploitative and interference competition with the outcome of minimizing the rate of direct encounters between dominant and subordinate carnivores. However, the idea that the diel activity of subordinate carnivores is shaped by avoidance of dominant carnivores has been challenged by recent observations of cheetahs (Acinonyx jubatus- Cozzi et al. 2012) and African wild dogs (Lycaon pictus- Rasmussen and Macdonald 2012) , and diel activity may be partly or wholly synchronized between carnivores and their prey (Harmsen et al. 2011 ).
We investigated overlap of diel activity between sympatric lions, leopards, and their prey using data from camera traps from 2 study sites within the Bubye Valley Conservancy (BVC), Zimbabwe. In so doing, we test how competitor avoidance and maximization of hunting success influence leopard behavior. We hypothesized that: 1) leopards would avoid diel periods in which the dominant competitors, lions, are most active; and 2) leopards would synchronize their diel activity with that of their preferred prey, since leopards require auditory and visual cues to hunt (Sunquist and Sunquist 2002) .
Materials and Methods
Study area.-The BVC is located in the Matabeleland South province of Zimbabwe. The 3,230-km 2 privately owned hunting conservancy is located at 30°7′E, 21°30′S at an elevation of about 550 m above sea level. November to March are the wettest months of the year. May to August are the driest months. The mean annual rainfall recorded between 2007 and 2012 was 351 ± 76 mm (du Preez et al. 2014) . Our camera surveys were limited to 2 study areas within the BVC, namely Mazunga and Kwalusi. At the time of the study, lion and leopard densities at Kwalusi were 0.202 ± 0.020 lions/km 2 and 0.061 ± 0.011 leopards/km 2 (du Preez et al. 2015) . Lion and leopard densities at Mazunga at the time of the study were 0.187 ± 0.012 lions/km 2 and 0.046 ± 0.010 leopards/km 2 (du Preez et al. 2015) .
Camera-trap data collection.-We surveyed the Mazunga and Kwalusi study areas from May to June 2012, and July to August 2012, respectively. Spacing of camera traps was based on an average female leopard home-range size of approximately 40 km 2 (du Preez et al. 2014 ). We deployed a minimum of 2 camera traps per the equivalent of a female leopard's home range, which resulted in a maximum spacing of 5 km.
We selected camera-trap locations at study areas based on a 4-step process. First, we analyzed a Google satellite image at a scale of 1:40,000 for potential camera-trap sites based on the presence of roads (as big cats use roads to travel long distances), preferred habitat of leopards and lions, and water sources (du Preez et al. 2014) . Second, at each study area, we marked 75-100 potential camera-trap sites, and ground-truthed them for animal activity such as spoor and scats. Third, we replotted camera-trap sites that met the criteria described in steps 1 and 2 above in a Geographical Information System (GIS), and a 2-km radius buffer added to maintain the 5-km maximum spacing between camera traps. Lastly, we selected 25 final camera-trap sites in each of the 2 study areas.
We deployed 2 camera-trap models, Cuddeback Capture and Cuddeback Attack (Cuddeback, Green Bay, Wisconsin), at each camera-trap site (camera station) at both study areas. We placed 1 of each camera-trap model on opposite sides of animal trails, at least 3 m apart, facing inwards to capture both flanks of a passing animal. We offset cameras from one another to avoid image overexposure by the flash from the opposite cameras. Survey effort was calculated per pair of cameras.
Cameras were housed in protective camera cases (Cuddeback Bear Safes) attached to 1.5-m long wooden poles. A re-arming delay of 30 s was programmed into the camera traps to prevent recording multiple photographs of the same capture event (thus saving camera battery power and storage space). All cameratrap sites were active continuously throughout the 50-day study period. No live animals were handled or disturbed during this study.
Data analysis.-To avoid double-counting, we assumed that multiple detections of the same species at the same camera-trap site within 30 min represented the same individuals (Linkie and Ridout 2011) . We determined the diel activity of leopards, lions, and their prey as the number of independent detections for each hour over a 24-h period. Species of prey for each carnivore were identified from the published literature (Hayward et al. 2006; Hayward and Kerley 2008; Hayward and Slotow 2009; Hayward et al. 2011; du Preez et al. 2017) . We considered the following species as leopard prey: common warthog (Phacochoerus africanus-hereafter, warthog), common duiker (Sylvicapra grimmia-hereafter, duiker), nyala (Tragelaphus angasii), impala (Aepyceros melampus), and bushbuck (Tragelaphus scriptus). Lion prey encompassed the same species as leopard prey, as well as zebra (Equus quagga), giraffe (Giraffa camelopardalis), and eland (Taurotragus oryx).
Describing and predicting species' diel activity patterns.-We modeled diel activity using a circular statistical approach, based on the percentage of detections recorded for each hour over a 24-h period (Ross et al. 2013 ). Models predicting patterns of diel activity of all species were fitted as a function of continuous trigonometric predictors describing time of day (ToD) from midnight as 1 (cosΘ (night), sinΘ (dawn)) and 2 (cos2Θ (day), sin2Θ (dusk)) complete cycles in a 24-h period, where Θ = πt/24 and t is time in hours (Ross et al. 2013) . We used rose diagrams created in the "plotrix" package 3.5-4 (Lemon 2006) in Program R 3.0.2 to graphically visualize diel activity patterns. At both study areas during the period in which the study took place, the sun rises at approximately 0600 h and sets at 1830 h (http://www.usno. navy.mil/).
Estimating overlap of diel activity.-Prior to conducting overlap analysis, we determined the difference in the diel activity of species between the 2 study areas by adding "study area" to the models as a fixed effect (Ross et al. 2013 ). This was essential to check whether it was possible to pool data from the 2 study areas. Pooled data give higher estimates of overlap than the original (unpooled) data (Ridout and Linkie 2009 ), particularly if the diel activity for the species differs between sites (Meredith and Ridout 2014) .
We converted temporal data in a 24-h format to radians as a decimal from 0 to 1. We calculated a coefficient of overlap ( ∆  ) between the activity densities (the probability of an animal being active within any particular interval of the day) of pairwise species combinations by fitting non-parametric kernel density functions to the species' diel activity data (Ridout and Linkie 2009; Linkie and Ridout 2011) . The coefficient of overlap is the proportion under the curve created by 2 minimum density functions of the 2 species under comparison at each time point (Ridout and Linkie 2009 ), i.e., ∆  is calculated as the proportion of overlap between the 2 species' diel activity curves. We calculated the coefficients of overlap as a spectrum of proportional values, with 1 indicating complete overlap and 0 indicating no overlap. For example, ∆  = 0 could occur if one of the species was entirely diurnal, and the other entirely nocturnal. We used a cut-off value of ∆  ≥ 0.70 to signify high overlap in diel activity, and ∆  < 0.35 to signify low overlap, following Lynam et al. (2013) . Schmid and Schmidt (2006) proposed 5 estimators of ∆  . We used ∆  1 for species with small (< 50 independent events) sample sizes and ∆  4 for species with large (> 50 independent events) sample sizes (Ridout and Linkie 2009 ). The kernel density estimates used a von Mises distribution concentration parameter (κ) k = 3 and smoothing parameter (c) c = 1.25 as suggested by Ridout and Linkie (2009) . To assess the reliability of kernel estimates, we fitted the parametric non-negative trigonometric sums (NNTS) models to the species' diel activity data to generate activity densities (Fernández-Durán 2004; Fernández-Durán and GregorioDominguez 2014) . Ridout and Linkie (2009) reported that estimates based on the NNTS and kernel densities are likely to be closely similar.
We used 500 bootstrap permutations to generate confidence intervals (CIs) as a measure of precision of overlap estimates for both kernel density and NNTS distributions. Schmid and Schmidt (2006) and Ridout and Linkie (2009) provide detailed mathematical background on kernel density estimation. We used the R package "overlap" 0.2.3 (Meredith and Ridout 2014) to calculate the kernel overlap estimates. We used the R package "CircNNTSR" version 2.1 (Fernández-Durán and Gregorio-Dominguez 2014) to calculate the NNTS overlap estimates.
Determining which species' diel activity most influences leopard diel activity.-We ran linear regression models with different predictor variables (lion diel activity, prey diel activity, or both) to identify which were correlated with leopard diel activity. We fitted models by including trigonometric predictors describing complete cycles in a 24-h period following the methods of Ross et al. (2013) . We assessed the underlying model assumptions (model validation) by plotting model residuals against the fitted values (to verify homogeneity in spread) and by plotting the standardized residuals in Q-Q plots (to verify normality). Models with only prey species' diel activities as predictors for the predator diel activity exhibited poor model fit. To improve model fit, we included ToD, and its interaction with prey diel activity. We then compared models using the Akaike Information Criterion (AIC) model selection criteria (Akaike 1974) . We analyzed the influence of bushbuck's diel activity on leopard diel activity only at Kwalusi due to the small sample size of independent detections for bushbuck at Mazunga.
results
We surveyed the Kwalusi and Mazunga study areas for 1,250 camera-trap days each. We recorded a total of 2,729 and 2,596 independent detections for 40 and 39 species of mammals at Kwalusi and Mazunga. Of these, 214 and 185 were of lions and leopards. We did not analyze the diel activity of bushbuck at Mazunga due to the small number of independent detections (n = 2).
Diel activity patterns for leopards, lions, and their prey.-Except for the warthog, there was no significant difference in the diel activity of species between sites. Therefore, further analysis of all species except warthogs was conducted on pooled data across the BVC (Fig. 1 ). Leopards were strongly nocturnal across the BVC (cos1Θ: F 1,22 = 25.1, P < 0.001). Although lions across the BVC were predominantly nocturnal (cos1Θ: F 1,17 = 53.7, P < 0.001), they displayed some diel activity during the morning (sin1Θ: F 1,17 = 53.7, P = 0.02).
Warthogs were strongly diurnal at Mazunga (cos2Θ: F 1,21 = 54.3, P < 0.001) with their activity peaking at midday. Warthogs at Kwalusi avoided the morning and their activity peaked at dusk. Eland activity peaked at dusk (sin2Θ: F 4,19 = 6.70, P < 0.001). Giraffes were active during diurnal hours starting late in the morning, and their activity peaked at dusk (sin2Θ: F 4,19 = 14.6, P = 0.02). Zebra activity peaked at dusk through the early hours of the night. Duikers exhibited strong nocturnal activity (cos1Θ: F 1,20 = 13.2, P < 0.001). Nyala (cos2Θ: F 1,19 = 7.08, P = 0.01) and impala (cos2Θ: F 1,20 = 23.2, P < 0.001) were both strongly diurnal. Bushbucks showed significant activity at dawn (sin1Θ: F 1,21 = 7.31, P = 0.01) with some activity during the day.
Diel activity overlap between leopards, lions, and their prey.-Overall, the coefficients of overlap from the kernel density functions and NNTS models were closely similar (Table 1) . Therefore, we discuss only the kernel coefficients of overlap estimates, illustrated in Fig. 2 . We recorded a strong diel overlap between leopards and lions (0.78, 95% CI: 0.67-0.83), and leopards and duikers (0.83, 95% CI: 0.74-0.91). We also recorded overlap between leopards and nyala and bushbucks (Table 1) . The low number of independent events did not allow analysis of overlap between leopards and bushbuck at Mazunga. Diel activity of lions strongly overlapped with that of duikers (0.75, 95% CI: 0.62-0.81) and relatively strongly with that of zebra (0.64, 95% CI: 0.56-0.71).
Influence of lion and prey diel activity on leopard diel activity.-Diel activity of duikers most closely correlated with that of leopards, with the relationship becoming weaker at dawn and then through the day (Table 2a) . No significant correlation existed between diel activity of leopards and that of lions, impala, nyala, or warthogs. Diel activity of zebras correlated most closely with diel activity of lions. This correlation was weaker at dawn, becoming stronger during the day (Table 2b) . 
discussion
Overall, our findings suggest that leopards prioritize increased encounters with prey over the avoidance of lions. Both leopards and lions are significantly nocturnal, with strong overlap in their diel activity in BVC. Diel activity of leopards also coincides with that of its known preferred prey species, most notably duikers, bushbuck, and nyala. Even in the presence of larger dominant carnivores, subordinate carnivores may thus be active at the same time as their main prey species as a strategy to prioritize hunting success over avoidance of dominant competitors (Cozzi et al. 2012; Rasmussen and Macdonald 2012) .
Both lions and leopards were significantly nocturnal, leading to a strong overlap in diel activity. Our observation of activity at night may be explained by low light conditions adequate for detecting prey (Cozzi et al. 2012) while at the same time disguising the predators (Theuerkauf et al. 2003; Hayward and Slotow 2009; Cozzi et al. 2012) . Strong temporal overlap in activity between sympatric felids is not uncommon (Scognamillo et al. 2003; Harmsen et al. 2009; Hayward and Slotow 2009; Broekhuis et al. 2013) . Subordinate predators may successfully avoid their dominant counterparts through fine-scale segregation in space, which potentially obviates the need for differences in diel activity. For example, du Preez et al. (2015) reported that leopards forage in the same areas as lions, but only flee when lions approach within a given distance. A similar study by Broekhuis et al. (2013) found that cheetahs use the same space and habitat as the larger lions and spotted hyenas. However, cheetahs do not avoid diel periods when lions and hyenas are active, but they do position themselves away from the larger carnivores to minimize immediate risk.
Some predators synchronize their diel activity with that of their prey to optimize hunting efficiency (Jenny and Zuberbuhler 2005; Harmsen et al. 2011) . The strong overlap in diel activity between leopards and duikers could indeed be a strategy by leopards to increase their encounter rates with this species (Norton and Henley 1987; Jenny and Zuberbuhler 2005) , as duikers are known to be preferred prey of leopards and lions in both BVC (du Preez et al. 2017 ) and elsewhere in Africa (Jenny and Zuberbuhler 2005; Hayward et al. 2006) . Similarly, the diel activity of lions strongly overlapped with that of zebra and giraffes, which are active during the night and dusk, respectively. Zebra are preferred prey for both leopards and lions across other African sites (Hayward et al. 2006; Hayward and Kerley 2008; du Preez et al. 2017 ) and in BVC (du Preez et al. 2017) .
Predation of megafauna weighing ~1,000 kg is negligible (Owen-Smith and Mills 2008), so the 800-1,200 kg body mass of adult giraffes makes them unlikely prey. However, predators also target the young of larger prey species, which is a likely explanation for the diel activity overlap between lions and giraffes (Stanford 2002; Stone 2007; du Preez et al. 2017 ). This finding is corroborated by du Preez et al. (2017) , who observed a strong prey preference for giraffes by lions at BVC. Such synchrony between predators and their prey has also been documented for tigers (Panthera tigris) in Peninsular Table 1 .-Estimated coefficient of diel activity overlap ( ∆  1 and ∆  4 ) between (a) leopards (Panthera pardus) or (b) lions (Panthera leo) and their prey or competitor species calculated by fitting kernel density functions and non-negative trigonometric sums models (NNTS). The approximate 95% bootstrap CIs are in parentheses. Overlaps in diel activity considered to be strong ( ∆  > 0.70) are shown in bold.
† denotes species with diel activity data not pooled due to differences between study areas or to an insufficient number of events. Malaysia (Kawanishi and Sunquist 2004) and Sumatra (Linkie and Ridout 2011) , and jaguars and pumas in Belize (Harmsen et al. 2011) . In summary, we reject our first hypothesis that the subordinate carnivore (leopard) reduces competition through shifting its diel activity to avoid diel periods in which the dominant carnivore (lion) is active. However, we accept the second hypothesis that the subordinate carnivore synchronizes its diel activity with its preferred prey species, perhaps as a strategy to increase predatory encounters. Therefore, we suggest that the need to optimize foraging success is a paramount driver of subordinate carnivores' diel activity, taking priority over the avoidance of their dominant competitor. In the future, it would be interesting to investigate the intraspecific spatial and temporal interactions among the individuals of a subordinate species, as these are likely to have effects on home-range size, and prey acquisition. Future studies should also consider the influences human activities have on the diel activities of sympatric carnivores in an increasingly human-dominated landscape. 
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